Elevations in Renal Interstitial Hydrostatic Pressure and 20-Hydroxyeicosatetraenoic Acid Contribute to Pressure Natriuresis
T he concept that the kidney plays an essential role in the long-term control of arterial pressure is based on the pressure-natriuretic response; however, the mechanism by which this occurs is unknown. 1, 2 Previous studies have indicated that pressure natriuresis is associated with elevations in medullary blood flow [3] [4] [5] [6] and renal interstitial hydrostatic pressure (RIHP) [7] [8] [9] [10] [11] [12] [13] and a fall in sodium transport in the proximal tubule. 14 -18 The fall in sodium transport is associated with inhibition of Na ϩ K ϩ -ATPase activity and internalization of sodium/hydrogen exchanger from the brush border. 19, 20 The rise in RIHP seems to be important in triggering pressure natriuresis, because removal of the renal capsule blocks the fall in proximal tubular reabsorption and attenuates the natriuretic response after an elevation in renal perfusion pressure (RPP). [7] [8] [9] [10] [11] [12] [13] However, the mechanism by which elevations in RPP and/or RIHP inhibits sodium transport in the proximal tubule remains to be determined.
Recent studies have indicated that cytochrome P450 (CYP) metabolites of arachidonic acid (AA) may be involved. 19, 20 In this regard, chronic blockade of the formation of epoxyeicosatrienoic acids (EETs) and 20-hydroxyeicosatetraenoic acid (20-HETE) with 1-aminobenzotriazole (ABT) 20 or cobalt chloride 19 attenuates pressure natriuresis and prevents the fall in Na ϩ -K ϩ -ATPase activity and the redistribution of the sodium/hydrogen exchanger from the brush border to the subapical space in the proximal tubule after elevations in RPP. These studies suggest that a CYP metabolite of AA may mediate the fall in sodium transport in the proximal tubule. However, direct evidence that elevations in RPP stimulate the formation or release of CYP metabolites of AA in the kidney is lacking. It also remains to be determined whether the effects of CYP inhibitors to blunt the pressure-natriuretic response are mediated by inhibition of the formation of 20-HETE and/or EETs. Thus, the present study examined the effects of an elevation in RPP on the concentration of CYP metabolites of AA in the renal cortex of rats and explored the role that changes in RIHP play in this response. We also compared the effects of blockade of the formation of 20-HETE and EETs with ABT on the pressure-natriuretic response versus those seen using a more selective inhibitor of the formation of 20-HETE, N-hydroxy-NЈ-(4-butyl-2methylphenyl) formamidine (HET0016).
Methods

General
Experiments were performed on 105 male Sprague-Dawley rats weighing between 225 and 350 g purchased from Taconic Farms. The rats were housed in the Animal Care Facility at the Medical College of Wisconsin, which is approved by the American Association for the Accreditation of Laboratory Animal Care. The rats had free access to food and water throughout the study except when they were fasted the night before an experiment. All of the protocols were approved by the Medical College of Wisconsin Animal Care Committee.
Protocol 1: Effects of Elevations in RPP on the levels of CYP Metabolites of AA in the Renal Cortex
Rats were anesthetized with ketamine (30 mg/kg, IM, Phoenix Pharmaceutical Co) and inactin (50 mg/kg, IP, Sigma) and were placed on a heating table to maintain the body temperature at 37°C. Catheters were placed in the carotid and femoral arteries for the recording of arterial pressure above and below the renal arteries and in the femoral vein for intravenous infusions. The rats received an intravenous infusion of a 0.9% NaCl solution containing 2% albumin at a rate of 100 L/min throughout the experiment. Vasopressin (52 pg/min), aldosterone (20 ng/min), and norepinephrine (100 ng/min) were included in the infusion solution to fix the circulating levels of hormones as described previously. 21 An adjustable clamp was placed on the aorta between the left and right renal arteries so that RPP to the left kidney could be controlled. After surgery and a 45-minute equilibration period, RPP was increased to Ϸ160 mm Hg by tying off the celiac and mesenteric arteries. The right kidney was exposed to the elevated pressure, whereas RPP to the left kidney was controlled at 100 mm Hg using the aortic clamp. After 15 minutes, both kidneys were removed, and the renal cortex was rapidly frozen in liquid nitrogen for measurement of endogenous concentrations of CYP metabolites of AA. These experiments were performed in 3 groups of rats: group 1 (vehicle renal capsule intact; nϭ6) served as the control group and received an intravenous infusion of vehicle (11% sulfobutyl ether ␤-cyclodextrin, CyDex, Inc). In group 2 (vehicle, renal capsule removed; nϭ6), the renal capsules of both the left and right kidneys were partially removed to prevent the increase in RIHP after elevations in RPP. In group 3 (HET0016; nϭ6), rats were treated with a low dose of HET0016 (1 mg/kg, IV) to block the formation of 20-HETE.
Additional experiments were performed in 7 rats to confirm that removal of the renal capsule lowered RIHP. These rats were prepared as described above, and a polyethylene matrix capsule was implanted in the renal cortex for measurement of RIHP as described previously. 22 RIHP was recorded as RPP to the left kidney was reduced from 160 to 100 mm Hg in steps of 20 mm Hg by tightening the clamp on the aorta between the renal arteries. The kidney was perfused at each level of RPP for 2 to 3 minutes until a steady-state level of RIHP was achieved. After measuring the relationship between RIHP and RPP in the intact kidney, the renal capsule was removed, and the relationship between RIHP and RPP was redetermined.
Liquid Chromatography/Mass Spectroscopy Measurement of CYP metabolites of AA Samples of the renal cortex (Ϸ0.3 g) were homogenized in 2 mL of a 10 mmol/L KPO 4 buffer containing 250 mmol/L of sucrose and 1 mmol/L of EDTA (pH 7.7). The homogenate was centrifuged at 4000g for 5 minutes. The supernatant was extracted twice with 3 mL of ethyl acetate after the addition of 10 ng of an internal standard, 20-hydroxyeicosa-6-(Z), 15(Z)-dienoic acid, and the organic phase was dried under nitrogen. The metabolites of AA were separated by high-performance liquid chromatography on a Betabasic C 18 column (150ϫ2.1 mm, 3 m; Thermo HypersilKeystone) at a flow rate of 0.2 mL/min using an isocratic elution with a 51:9:40:0.01 mixture of acetonitrile:methanol:water:acetic acid for 30 minutes followed by a step gradient to 68:13:19:01 acetonitrile:methanol:water:acetic acid and water for 15 minutes. The effluent was ionized using a negative ion electrospray and the peaks eluting with a mass/charge ratio (m/z) of 319Ͼ301 (HETEs and EETs), 337Ͼ319 (DiHETEs), or 323Ͼ270 (internal standard) were monitored using an Applied Biosystems 3000 triple quadrapole mass spectrometer, API 3000 (AME Bioscience). The ratio of ion abundances in the peaks of interest versus that seen in the internal standard was determined and compared with standard curves generated over a range from 0.2 to 1 ng for 20-HETE and from 1 to 10 ng for the other metabolites.
Protocol 2: Effects of CYP450 Inhibitors on RIHP and the Pressure-Natriuretic Response
Rats were prepared for the study of pressure natriuresis and measurement of RIHP as described above. A catheter was inserted into the left ureter for the collection of urine. [ 3 H]-inulin (2 Ci/mL) and LiCl (20 mmol/L) were added to the infusion solution for the measurement of the glomerular filtration rate (GFR) and the fractional excretion of lithium. RPP was lowered to 100 mm Hg by tightening the aortic clamp. After a 45-minute equilibration period, urine and plasma samples were collected during a 15-minute control period. RPP was then increased to Ϸ160 mm Hg by tying off the celiac and mesenteric arteries and releasing the aortic clamp, and urine and plasma samples were recollected. At the end of each experiment, the left kidney was removed and weighed, and the renal cortex was frozen in liquid nitrogen for measurement of the renal metabolism of AA. Experiments were performed in 3 groups of rats: group 1 (nϭ11) served as the control group and received an intravenous infusion of vehicle; group 2 (nϭ9) received ABT (50 mg/kg, IP) 20 ; and group 3 (nϭ7) received a 10 mg/kg IV bolus dose of HET0016 followed by a 1 mg/kg per hour continuous intravenous infusion. 23 
Renal Metabolism of AA
Microsomes were prepared from the kidneys of vehicle-, ABT-, and HET0016-treated rats as described previously. 24 The metabolism of AA was determined by incubating the microsomes (0.5 mg of protein) with a saturating concentration of [ 14 C]AA (0.1 Ci, 42 mol/L, Amersham Biosciences) for 30 minutes at 37°C. The products were extracted with ethyl acetate and separated by highperformance liquid chromatography on a C 18 -reverse-phase column (Thermo Hypersil-Keystone), and the metabolites were monitored with a radioactive flow detector, as described previously. 25 Values are expressed as picomoles of product formed per minute per milligram of protein.
Protocol 3: Comparison of Selective Blockade of the Renal Formation of 20-HETE Versus Removal of the Renal Capsule on the Pressure-Natriuretic Response
The results of the studies performed above suggested that the 10 mg/kg dose of HET0016 inhibited the renal synthesis of 20-HETE but also reduced the formation of EETs. Therefore, additional studies were performed to find a more selective dose of HET0016. In these experiments, rats were anesthetized with inactin (nϭ10) or isoflurane (nϭ6) because we suspected that inactin may reduce renal epoxygenase activity. The rats were prepared for the study of pressure natriuresis, and the left kidney was collected to determine the baseline production of CYP metabolites of AA. The rats then received an intravenous infusion of vehicle or the low dose of HET0016 (1 mg/kg per hour) for 1 hour, and the right kidney was collected for the measurement of CYP activity.
Subsequent studies were performed using the low dose of HET0016 on the pressure-natriuretic response in rats anesthetized with isoflurane. Experiments were performed on 4 groups of rats: group 1 (nϭ10) received an intravenous infusion of vehicle; group 2 (nϭ6) was treated with vehicle, and the renal capsule of the left kidney was removed; group 3 (nϭ9) received an intravenous infusion of HET0016 at a dose of 1 mg/kg per hour for 1 hour; and group 4 (nϭ6) was also infused with HET0016 at a dose of 1 mg/kg per hour, and the renal capsule of the left kidney was removed.
Statistical Methods
Data are presented as meanϮSE. Significance of differences in mean values was determined using a 1-or 2-way repeated-measures ANOVA and the Holm-Sidak test for preplanned comparisons. A PϽ0.05 was considered to be statistically significant.
Results
Effects of Elevations in RPP on the Levels of CYP Metabolites of AA
We detected large peaks with an m/z of 319 and retention times corresponding with 20-HETE, 15-HETE, 12-HETE, and 5-HETE, as well as peaks with m/z of 337 with retention times corresponding with 14,15-DiHETE and 11,12-DiHETE in ethyl acetate extracts of the renal cortex of rats ( Figure  1A ). The largest peak that eluted at 18 minutes produced an MS2 spectrum with secondary ions at m/z of 301, 275, 273, 257, and 245 that is identical to that seen using a authentic 20-HETE standard. The concentration of 20-HETE doubled in the renal cortex after an elevation in RPP in rats with an intact renal capsule ( Figure 1B) . This was associated with a rise in RIHP of 3 to 4 mm Hg (Figure 2) . Removal of the renal capsule prevented the increase in RIHP and renal cortical 20-HETE levels after an elevation in RPP. Infusion of the low dose of HET0016 (1 mg/kg per hour) reduced baseline RIHP and 20-HETE levels and abolished the increase in renal cortical 20-HETE levels in response to an elevation in RPP.
The effects of elevations in RPP on the levels of other metabolites of AA in the kidney are presented in the Table. The levels of 11, 12-DiHETE and 5-HETE in the renal cortex increased in the rats treated with vehicle when RPP was elevated, whereas the levels of other HETEs and EETs were not significantly altered. Removal of the renal capsule and treatment with HET0016, both of which reduced baseline RIHP, lowered the levels of 5-HETE, 11, 12-DiHETE, and 14, 15-DiHETE in renal tissue at elevated RPP.
Effects of CYP450 Inhibitors on the Pressure-Natriuretic Response
A comparison of the effects of ABT and HET0016 on the pressure-diuretic and -natriuretic responses is summarized in Figure 3 . Urine flow and sodium excretion increased 5-fold when RPP was increased in vehicle-treated rats. Fractional excretion of lithium, a marker of proximal tubular reabsorption, rose significantly from 35Ϯ1% to 55Ϯ3% of the filtered load. Administration of ABT (50 mg/kg) or HET0016 (10 mg/kg bolus dose followed by 1 mg/kg per hour of infusion) decreased the pressure-natriuretic response by 50% and inhibited the renal formation of 20-HETE and EETs by 90% and 50%, respectively. Both ABT and HET0016 significantly reduced the fractional excretion of lithium after RPP was elevated to 42Ϯ2% and 43Ϯ3%, respectively. Baseline GFR was not significantly different and averaged Ϸ1.1Ϯ0.1 mL/ min per gram in all of the groups at an RPP of 100 mm Hg. GFR remained unaltered in all of the treatment groups after RPP was elevated.
Effects of Selective Blockade of the Renal Synthesis of 20-HETE and Removal of the Renal Capsule on the Pressure-Natriuretic Response
The effects of the low dose of HET0016 on the synthesis of 20-HETE, EETs, DiHETEs, and HETEs by renal cortical microsomes are summarized in Figure 4 . Basal formation of 20-HETE was similar in rats anesthetized with inactin or isoflurane, but the formation of EETs was markedly reduced in rats anesthetized with inactin compared with the levels seen in the rats anesthetized with isoflurane. HET0016 reduced the synthesis of 20-HETE by Ͼ80% in rats anesthetized with inactin or isoflurane. Production of EETs tended to decrease after HET0016 in the rats anesthetized with inactin, but the baseline production of EETs was already too low to determine whether HET0016 inhibited epoxygenase activity in this group. In contrast, HET0016 increased renal epoxy- genase activity significantly in rats anesthetized with isoflurane, but it had no effect on the renal formation of DiHETEs or other HETEs (lipoxygenase, cyclooxygenase, and CYP derived).
Effects of Elevations in RPP on CYP Metabolites
The effects of removal of the renal capsule and low dose of HET0016 on the pressure-natriuretic response in rats anesthetized with isoflurane are presented in Figure 5 . In vehicletreated rats, urine flow and sodium excretion increased 3-fold when RPP was increased from 100 to 150 mm Hg. Removal of the renal capsule reduced the pressure-diuretic and -natriuretic response by 40%. Blockade of the synthesis of 20-HETE with the low dose of HET0016 had a similar effect. HET0016 had no effect on the pressure-natriuretic response in rats in which the renal capsule was removed. GFR was not significantly different and averaged Ϸ1.2Ϯ0.1 mL/min per gram in all 4 of the groups. GFR was not significantly altered in any group when RPP was elevated. Levels of 20-HETE in the renal cortex fell by Ͼ90% in rats treated with HET0016 versus that seen in vehicle-treated rats ( Figure 1B ) and averaged 0.018Ϯ0.004 and 0.027Ϯ0.005 ng/g at RPP of 103 and 154 mm Hg, respectively.
Discussion
The results of previous studies indicating that blockade of CYP enzymes with cobalt chloride or ABT blunts the pressure-natriuretic response suggested that 20-HETE or EETs may serve as a mediator of this response. 19, 20 However, direct evidence that elevations in RPP increase the intrarenal levels of CYP metabolites of AA was lacking, and the mechanism by which elevations in RPP increase synthesis or release eicosanoids in the kidney was unknown. The results of the present study indicate that an acute elevation in RPP to 150 mm Hg increases RIHP by 4 mm Hg and the concentrations of 20-HETE, 11, 12-DiHETE, and 5-HETE in the renal cortex of rats. Removal of the renal capsule prevents the rise in RIHP and the levels of these eicosanoids after elevations in RPP. It also blunts the pressure-natriuretic response by 40%. These results indicate that elevations in RPP stimulate the synthesis and/or release of CYP metabolites of AA in the renal cortex secondary to elevations in RIHP. These findings are completely consistent with the results of previous studies suggesting that a CYP eicosanoid may mediate the inhibition of sodium transport in the proximal tubule after an elevation in RPP. 19, 20 Of these eicosanoids that we found were significant elevated, 20-HETE seems to be the most likely candidate to be the mediator, because it has been shown to inhibit sodium transport in the proximal tubule 26, 27 by inhibiting Na ϩ , K ϩ -ATPase activity 28 secondary to protein kinase C-induced phosphorylation of the serine 23 residue in this enzyme. Although a contribution of 11, 12-DiHETE and 5-HETE to the pressure-natriuretic response cannot be excluded, the effects of these compounds on sodium transport in the proximal tubule have not been studied previously, and there is no evidence that they can mimic the effect of elevations in pressure and inhibit Naϩ, Kϩ-ATPase or alter the distribution of sodium transporters.
Further support for the view that the rise in 20-HETE levels likely contributes to the pressure-natriuretic response was derived from our studies comparing the effects of ABT, a nonspecific inhibitor of the formation of EETs and 20-HETE, with those of HET0016, which has been reported to be a highly selective inhibitor of the synthesis of 20-HETE, at least in vitro. 29 We found that ABT and HET0016 given at a dose of 10 mg/kg had similar effects. Both drugs reduced the synthesis of 20-HETE in renal microsomes by Ͼ90% and attenuated the pressure-natriuretic response by Ϸ50%. This was associated with a fall in the fractional excretion of lithium indicating that proximal tubular reabsorption was enhanced. Unfortunately, the 10-mg/kg dose of HET0016 was not selective and also reduced renal epoxygenase activity by 50%. Thus, we could not conclude whether 20-HETE or EETs mediate the pressure-natriuretic response on the basis of this series of experiments.
Additional experiments were, therefore, performed using a lower dose of HET0016 in animals anesthetized with isoflurane. We first confirmed (Figure 4 ) that this dose effectively blocks the synthesis of 20-HETE in renal microsomes after in vivo administration; that it had no effect on renal synthesis of 12-, 15-, or 5-HETEs (lipoxygenase activity); and that it increased, rather than inhibited, the renal formation of EETs. It also reduced the levels of 20-HETE in renal tissue by Ͼ80%, indicating that 20-HETE found in renal tissue is continually generated by CYP4A enzymes rather than released from the membrane by phospholipases. Selective blockade of formation of 20-HETE with the low dose of HET0016 blunted the pressure-natriuretic response to the same extent as that seen after inhibition of the formation of both 20-HETE and EETs with ABT or the high dose of HET00016. These findings indicate that whereas acute elevations in RPP increase the levels of several CYP metabolites of AA in the kidney, that 20-HETE, rather than EETs, is the likely the mediator of the inhibitory effect on sodium transport in the proximal tubule.
The results of the present study are consistent with the hypothesis that pressure natriuresis is signaled by elevations in RPP that are transmitted to the medullary circulation and increase vasa recta capillary pressure and RIHP. The rise in RIHP then inhibits sodium transport in the proximal tubule by stimulating the synthesis of 20-HETE. The mechanism by which elevations in RIHP stimulate the formation of 20-HETE remains to be determined, but it may involve physical deformation of the tubules, elevations in intracellular calcium, activation of phospholipase A2, and the release of AA. The present finding that the concentration of several CYPand lipoxygenase-derived metabolites of AA increase after an elevation in RPP supports the view that AA is probably released from membrane stores when RIHP is elevated. Our finding that removal of the renal capsule to prevent the rise in RIHP reduces the levels of 20-HETE and lipoxygenase-and epoxygenase-derived metabolites of AA by about the same extent after elevations in RPP further supports the view that the changes in the tissue levels of all of these metabolites are likely because of an RIHP-induced activation of phospholipase.
In the present study, the low dose of HET0016 reduced the levels of lipoxygenase-and epoxygenase-derived metabolites of AA in the kidney at elevated RPP (Table 1) , although it had no effect on the synthesis of these metabolites. This apparent discrepancy may be because of the fact that HET0016 reduced RIHP and that this may diminish tissuelevel eicosanoids by reducing the release of AA and the availability of substrate similar to what was seen in the rats in which the renal capsule was removed. The mechanism by which HET0016 alters RIHP remains to be determined, but previous studies have clearly indicated that other inhibitors of 20-HETE alter renal vascular tone and medullary blood flow. 30, 31 It is important to recognize that removal of the renal capsule to prevent elevations in RIHP or blockade of the synthesis of 20-HETE only blunted the pressure-natriuretic response by 50%. This means that at least half of this response occurs by a different mechanism. We and others have reported that elevations in RPP also inhibit sodium transport in the thin loop of Henle of deep nephrons secondary to washout of the medullary osmotic gradient and the loss of passive sodium reabsorption in this portion of the nephron. 13, 18, 32 This mechanism is likely mediated by the changes in medullary blood flow and is not dependent on the formation of CYP metabolites of AA.
Previous studies have indicated that the development of hypertension in spontaneously hypertensive rats is associated with a reduction in medullary blood flow, RIHP, and the pressure-natriuretic response. 5, 10, 12 Similarly, chronic reductions in medullary blood flow produced by a number of vasoconstrictors have also been reported to promote the development of salt-sensitive forms of hypertension. 33 The present findings that elevations in RIHP increase 20-HETE levels in the renal cortex and that 20-HETE contributes to the pressure-natriuretic response may help explain the nagging question of how changes in medullary blood flow might influence the pressure-natriuretic relationship and the longterm control of arterial pressure. We propose that changes in medullary blood flow alter RIHP and that this sets the sensitivity of the pressure-natriuresis response by altering the basal production of 20-HETE and other metabolites of AA in the proximal tubules. The present results are also consistent with the large body of evidence suggesting that a deficiency in the renal formation of 20-HETE promotes the development of salt-sensitive hypertension. 25,34 -38 This conclusion is further supported by previous findings that the expression of CYP4A protein and the renal synthesis of 20-HETE is reduced in the kidney of Dahl salt-sensitive rats, 25,34 -37 along with DOCA-salt hypertension 39 and angiotensin II hypertensive rats. 40, 41 It is also consistent with recent reports that knockout of the CYP4A14 42 or CYP4A10 38 genes produces hypertension in mice and our finding that chronic blockade of the formation of 20-HETE produces hypertension in salt-resistant strains of rats. 43, 44 Moreover, there are 3 recent genetic studies linking a T8590C polymorphism in the CYP4A11 gene that reduces the formation of 20-HETE to elevated blood pressure in the human population studies. [45] [46] [47] 
